could be optimized using modified NT systems (including ST) and starter fertilizer. In Iowa Mallarino et al. (1999) Utilizing conservation tillage practices and increasing fertilizer N found that ST frequently increased early growth but seluse efficiency for corn (Zea mays L.) are necessary for optimizing dom increased corn grain yields compared with NT. and Mengel, 1986; Mengel et al., 1982). With a urease among researches has been that N should be applied N should be applied in the spring on these soils to minimize risk and nearest to the time it is needed by the crop, i.e., sideoptimize profitability regardless of tillage system.
NT and ST is often considered undesirable by growers in late October when soil temperatures at 15 cm were generally below because of delayed planting and compaction concerns 10؇C or in April before planting. Tillage system had a statistically on wetter soils. Moreover, preplant broadcast applicasignificant effect on corn production but showed no interaction with tion of urea and urea-ammonium nitrate (UAN) withthe N timing treatments. Maximum differences among tillage systems out a urease inhibitor is not an option with NT and were 4.3% for grain yield, 5.1% for silage yield, and 8.6% for total N uptake. In 1 yr, when April and May were wet and warm, grain ST systems because when left unincorporated these N yield and total N uptake were reduced 20 and 27%, respectively, with sources are susceptible to volatilization losses (Keller fall N. Apparent N recovery was reduced from 87% for spring N to and Mengel, 1986; Mengel et al., 1982) . With a urease 45% for fall N. Corn production was not affected by time of N applicainhibitor surface applications of urea containing fertiliztion in the other 2 yr. Relative leaf chlorophyll, measured by a SPAD ers can still result in yield reductions due to immobilizameter at the V10, R1, and R3 growth stages, was highly correlated tion (Vetsch and Randall, 2000) . among researches has been that N should be applied N should be applied in the spring on these soils to minimize risk and nearest to the time it is needed by the crop, i.e., sideoptimize profitability regardless of tillage system. dressed several weeks after corn emergence (Aldrich, 1984; Fox et al., 1986; Olson and Kurtz, 1982; Russelle et al., 1981; Stanley and Rhoades, 1977; Welch et al., T illage system and N application timing are impor-1971) . There is less time for leaching or denitrificatant management decisions that farmers make for tion losses when N is applied after plant emergence. corn production on the highly productive but poorly However, recent trends in agriculture which include indrained soils of the northern Corn Belt. Dominance of creased farm size, more farmers with off-farm jobs the corn-soybean rotation in this region is raising con-(USDA- NASS, 1997 NASS, , 1992 , and greater use of postcern about sediment and nutrient contributions to suremerge herbicides, have left less time for farmers to face waters (Randall, 2002) . Conservation tillage pracsidedress N. tices like no tillage (NT) are effective at managing crop Application of N in the fall has advantages for both residue to reduce erosion. However, widespread adopgrowers and the fertilizer industry. These economic and tion of NT for corn on glacial till soils in Minnesota logistical advantages include better distribution of labor (USA) has not occurred. Researchers have responded and equipment demands, time savings during the busy to grower concerns of reduced yield potential and lack spring planting season, lower N costs in some years, and of adoption of NT by studying modified NT systems frequently more favorable soil conditions for field work that conserve residue and are agronomically competi- (Bundy, 1986; Randall and Schmitt, 1998) . Comparisons tive with more conventional tillage practices. Randall of corn yield with fall or preplant N application have et al. (2001) showed that fall strip tillage (ST) for corn been variable. Fall application (mid-November) profollowing soybean produced greater yields than NT on duced lower corn grain yields than spring preplant applia clay loam soil in one of two studies and ST yields cation regardless of N rate in Ontario (Stevenson and were equal to conventional tillage (CP) in both studies. Baldwin, 1969) . The yield reduction associated with fall On a silt loam soil Vetsch and Randall (2002) concluded application was greater on clay soils than on loam soils. that surface residue and corn yield following soybean Three-year yield averages showed fall application on medium-to-fine textured soils in central and northern cations at 201 kg N ha Ϫ1 (Welch et al., 1971) . ConsiderThe objectives of this study were to determine (i) the effect of time/placement of N in a wide range of tillage able year-to-year variation among 12 location-years was observed, suggesting the impact of weather variability systems on corn production and N recovery, (ii) the interaction between time of N application and tillage on loss of N. In an extensive review of N application timing, Bundy (1986) concluded that fall N application system for corn production following soybean, and (iii) the influence of time of N application and tillage on the is an acceptable option on medium-to-fine-textured soils where winter temperatures retard nitrification. Howdiagnosis of N sufficiency by measuring leaf chlorophyll content with the SPAD meter. ever, under these conditions fall-applied N is usually 10 to 15% less effective than spring-applied N. The relative effectiveness is largely determined by soil characteristics MATERIALS AND METHODS and climatic conditions, and, therefore, varies substan- Strip tillage for corn after soybean in the northern averaged 6.8 pH, 22 mg kg Ϫ1 Bray P 1 (very high), and 135 mg
Corn Belt is preferred in the fall immediately after soy- Rehm et al., 1994) .
bean harvest due to more favorable and drier soil condi- were dried in forced-air ovens at 38ЊC, ground to pass a 2-mm sieve, extracted with 2 M KCl, and analyzed for NO 3 -N and ) in 1998 (Ritchie et al., 1986) . Thirty SPAD meter readings were taken when averaged across tillage systems and N timing/ from each plot and the average recorded. Average meter readplacement treatments, reflect the excellent growing conings were converted to relative values by dividing the average ditions for corn during each of the years of this study meter reading for each plot by the average meter reading from the plot with the highest average (a non-N-limiting condition) (Table 2 ). Grain yields from the 0 kg N control plots averaged across tillage systems for 1997, 1998, and 1999 were 7.5, 6.4, and 5.5 Mg ha Ϫ1 , respectively (data not shown). Apparent N recovery, defined as total N uptake in the N fertilized plots minus the control plots expressed as a percent of N applied, was significantly greater in 1998 (90%) compared with 66% in 1997 and 1999. This was due primarily to a 5.5 Mg ha Ϫ1 yield response to fertilizer N in 1998 compared with yield responses of 4.2 and 4.7 Mg ha Ϫ1 in 1997 and 1999, respectively.
Corn Production
Tillage system had a slight but significant (P Ͻ 0.10) effect on grain and silage yield and total N uptake in the aboveground dry matter when averaged across years and N timing/placement treatments (Table 2 ), but there were no interactions between tillage system and year or N timing/placement. Grain yields were significantly greater for the CP system compared with the NT and OP systems with yields from ST being intermediate. Silage (grain plus stover) yields were also slightly greater for the CP and ST systems compared with the NT and OP systems. Total N uptake was significantly less for NT (181 kg ha
Ϫ1
) compared with the OP, ST, and CP systems, where uptake totaled 192, 193, and 198 kg ha Ϫ1 , respectively. Apparent N recovery, was not affected by tillage system.
A highly significant year ϫ N timing/placement interaction was found for all four production parameters (Table 2 ). Grain and silage yields, total N uptake, and apparent N recovery were not different between fall/ in-row and spring/mid-row placement of N in 1997 and 1998 (Fig. 1) . But in 1999, spring application of N was consistently superior to fall application for all production parameters. Spring application increased grain yield by 2.2 Mg ha Ϫ1 (36 bu acre Ϫ1 ), silage yield by 2.9 Mg ha Ϫ1 (1.3 ton acre Ϫ1 ), total N uptake by 52 kg ha Ϫ1 (47 lb acre Ϫ1 ), and N recovery by 42% compared with fall application. Unusually wet conditions in April and May 1999 (84 and 48 mm above normal, respectively), compared with normal to less-than-normal precipitation during these months in 1997 and 1998, likely caused substantial leaching and/or denitrification of the fallapplied N, resulting in low corn yields, reduced N uptake, and poorer N recovery. These results were similar to those reported by Welch et al. (1971) and Randall et al. (2003b) , who noted the impact of spring weather on the performance of fall-applied N in Illinois and Minnesota, respectively.
effect of the N timing/placement treatments averaged
Soil Ammonium and Nitrate
across the two tillage systems. Soil NH 4 -N and NO 3 -N concentrations in the 0-to In mid-May 1997 and 1998, NO 3 -N concentrations 30-cm layer for the two N timing/placement treatments for fall-applied N were greater than for spring-applied and the control plots were determined on a biweekly N, indicating substantial nitrification of the fall-applied basis in the CP and ST treatments each spring. Because N by the VE growth stage. By the V4 to V6 growth stage differences between the two tillage systems were not in mid-to-late June, significant nitrification of springfound, the NH 4 -N and NO 3 -N data for the two systems applied N had occurred and NO 3 -N concentrations were were combined. In addition, the NH 4 -N and NO 3 -N significantly greater than for fall-applied N. Nitrate-N concentrations from the control (0 kg N rate) treatment concentrations for the fall N treatment decreased from were subtracted from the NH 4 -N and NO 3 -N concentra-17 in mid-May to 7 mg kg Ϫ1 in late June 1997 and from tions for the fall and spring N treatments. Thus, the soil 13 in mid-May to 5 mg kg Ϫ1 in mid-June 1998, suggesting leaching out of the top 30-cm zone during this 4 to 6-wk NH 4 -N and NO 3 -N data found in Fig. 2 represent the net In 1999, the soil NH 4 -N and NO 3 -N picture changed considerably compared with 1997 and 1998. Ammonium-N and NO 3 -N concentrations were both Ͻ2 mg kg Ϫ1 from mid-May to mid-June for fall-applied N, whereas NO 3 -N concentrations for spring-applied N increased from 5 mg kg Ϫ1 in mid-May to 12 mg kg Ϫ1 in mid-June. Ammonium-N showed a corresponding decrease from 13 mg kg Ϫ1 in mid-May to 3 mg kg Ϫ1 in mid-June. These results document substantial loss of fall-applied N from the sampling zone (and perhaps from the rooting zone) by mid-May under wetter and warmer-than-normal April and May conditions, and clearly suggest this to be the primary reason in 1999 for severely reduced corn yields, N uptake, and N recovery from fall-applied N. Anhydrous ammonia applied on 28 April showed a relatively high concentration of NO 3 -N (12 mg kg
Ϫ1
) in mid-June and was not affected by wet spring conditions conducive to leaching and denitrification.
Leaf Chlorophyll
Relative leaf chlorophyll (RLC) content determined by a SPAD meter is shown in Table 3 for the V6, V10, R1, and R3 stages for each year. A combined ANOVA across years (not shown) found all interactions with year to be significant at ␣ ϭ 0.10 except year ϫ tillage ϫ N timing/placement for V6 and R3; thus, RLC data are presented for each individual year.
Across the 12 diagnostic scenarios (3 yr ϫ 4 growth stages yr Ϫ1 ), RLC was influenced by tillage system in 7 instances and by N treatment in all 12 instances. Averaged across N treatments, lowest RLC values always occurred with NT, whereas RLC was always highest for CP tillage except in 1999 at the V10 stage when RLC was highest for the OP system. Averaged across tillage systems, RLC was always markedly lower for the control (0 kg N rate) plots, even at the V6 growth stage. Relative leaf chlorophyll was not statistically different between fall and spring application except for the V10, R1, and R3 growth stages in 1999. The significantly lower RLC for fall-applied N compared with spring-applied N in 1999 corresponds well with the soil mineral N data in Fig. 2 and the N uptake and recovery data in Table 2 and Fig. 1 . Tillage ϫ N treatment interactions were significant in 8 of 12 scenarios (Table 3) , primarily due to consistently lower RLC for the 0-N control plots in the NT system compared with the other three tillage systems, especially CP. Analyses of RLC data averaged across tillage systems indicates very little temporal change in RLC from growth stage V6 to R3 when suffi- values at V6 averaged 90% across the 3 yr but declined to Ͻ70% at the R3 stage. period. Ammonium-N concentrations ranged between 2
The relationship between RLC at the four growth and 7 mg kg Ϫ1 in 1997 and were not different between stages and relative grain yield for each year is shown in N timing/placement treatments. In 1998, NH 4 -N was Table 4 and Fig. 3 . Each relationship is based on the Ͻ2 mg kg Ϫ1 throughout the spring for fall-applied N, data from all four tillage systems and all three N treatbut ranged from 8 mg kg Ϫ1 in mid-May to 2 mg kg Ϫ1 in ments. Two pools of data are evident in the relationships for 1997 and 1998. One pool located Ͼ80% relative mid-June for spring-applied N. grain yield represents the fall and spring N treatments yield but were strongly correlated when taken at the R1 stage. Piekielek and Fox (1992) proposed other facwhile those Ͻ70% relative grain yield were from the 0-N control plots. In 1999, with significant loss of falltors such as high rates of N from row-applied fertilizer could raise chlorophyll levels and affect the accuracy of applied N, the data were distributed more uniformly between 50 and 100% RLC. Relationships were greatest RLC as a diagnostic technique. Because the fall-applied N was applied near or beneath the row (ST), this may but equal when RLC was taken at the R1 and R3 stages as indicated by r 2 values Ն0.90 in all years. However, have affected RLC at the V6 stage in our study. delaying RLC diagnosis until these late growth stages probably would be too late under nonirrigated condi-CONCLUSIONS tions to provide a consistent response to supplemental
The conclusions drawn from this study should be of N if deficiencies began to occur. Our data indicates very assistance to corn producers seeking to improve N use satisfactory correlations in all years (r 2 ϭ 0.84 to 0.88) efficiency across a wide range of tillage systems. Time when RLC was determined at the V10 stage. However, of application had a substantial effect on corn producthe slope of the regression lines at the V10 stage was tion and N use efficiency in 1 of 3 yr. When wet and considerably more steep (less sensitive from an interpretation and calibration perspective) than the regression slope ranged from 1.9 to 4.4 at the V10 stage (Table 4) .
Regression equation
Under nonirrigated and N yield-limiting conditions, V10 stage (86%) ( Table 3) . These results were similar to those reported by Bullock and Anderson (1998) where † Relative grain yield ϭ Intercept ϩ slope ϫ relative leaf chlorophyll content.
SPAD readings at V7 were not correlated to final grain ST could be a combination of applying anhydrous ammonia containing a nitrification inhibitor with late fall ST. However, we did not evaluate this treatment. Tillage, ranging from full-width complete disturbance for the CP system to narrow zone disturbance for the ST system, did not affect differently nitrification of either the fall-or spring-applied N. With both systems, much of the fall-applied ammonia nitrified by mid-May; whereas, little of the mid-to late April-applied ammonia had nitrified by then. By mid-to late June, NO 3 -N concentrations for the spring N treatments in the top 30 cm (minus NO 3 -N in the 0-N control plots) averaged about 12 mg kg Ϫ1 compared with 4 mg kg Ϫ1 for fall N across 3 yr.
Relative leaf chlorophyll at the V6, V10, R1, and R3 growth stages was influenced by both tillage and N treatment. Averaged across N treatments, RLC was always lowest for NT and usually greatest for CP tillage. Differences in RLC were not evident between the fall and spring N treatments except when N deficiencies appeared; starting by the V6 stage for fall-applied N. The correlation between RLC and relative grain yield was greatest when RLC was measured at the R1 and R3 growth stages but was also highly acceptable at the V10 stage. Diagnosis of N deficiency using a SPAD meter at the V10 stage should allow sidedress application of N in time for plant uptake and subsequent yield response under nonirrigated conditions in Minnesota. Determining RLC at the V6 stage was too early to develop a satisfactory relationship for predicting relative grain yield, even when N losses and N deficiency symptoms occurred for fall-applied N.
